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ABSTRACT 

C u r r e n t  work i s  w i t h  o r g a n i c  s o l v e n t s  and 
c a t i o n  exchange  membranes i n  an e f f o r t  t o w a r d  f i n d -  
i n g  a workab le  sys t em f o r  c a t h o d i c  r e d u c t i o n  of  
c a r b o n  d i o x i d e  w i t h  c o n c u r r e n t  a n o d i c  p r o d u c t i o n  o f  
b r e a t h i n g  oxygen,  S e v e r a l  s y s t e m s  u s i n g  a n  e l ec t ro -  
l y t e  of  l i t h i u m  c h l o r i d e  a t  a l e a d  c a t h o d e  p roduced  
some c a r b o n  monoxide and me thane ,  However ,blank r u n s  
s t r o n g l y  i n d i c a t e d  t h e s e  p r o d u c t s  t o  be  from s o l v e n t  
r e a c t i o n  and n o t  c a r b o n  d i o x i d e  r e d u c t i o n ,  R e s u l t s  
t o  d a t e  have  been  n e g a t i v e ,  
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F o u r t h  Q u a r t e r l y  S t a t u s  Repor t  

on 

ELECTROLYTIC P R O D U C T I O N  OF OXYGEN AND REDUCTION OF CARBON D I O X I D E  

I N T R O D U C T I O N  

T h i s  i s  t h e  F o u r t h  S t a t u s  Repor t  on C o n t r a c t  No, 
NASr-70 f o r  J u l y ,  August and September  1962,  The o b j e c t  o f  t h i s  
work i s  t h e  c o n t i n u o u s  c a t h o d i c  r e d u c t i o n  o f  C 0 2  w i t h  c o n c u r r e n t  
a n o d i c  p r o d u c t i o n  of b r e a t h i n g  oxygen,  

The e x p e r i m e n t a l  approach  i s  t o  e v a l u a t e  t h e  p r o d u c t s  
of e l e c t r o l y s i s  c e l l s ,  Some o f  t h e  v a r i a b l e s  b e i n g  s t u d i e d  a re  
c a t h o d e  mater ia ls ,  e l e c t r o l y t e s ,  t e m p e r a t u r e ,  p r e s s u r e  and c e l l  
geomet ry ,  During t h i s  r e p o r t  p e r i o d  work h a s  c e n t e r e d  on i o n  
exchange  membrane-organic  s o l v e n t  c o m b i n a t i o n s ,  

EXPERIMENTAL PROCEDURES AND RESULTS 

E x p e r i m e n t a l  Cel l s  

c e l l ,  t h e  g l a s s  p i p e  p r e s s u r e  c e l l s  were u s e d  f o r  a l l  t h e  re -  
d u c t i o n  e x p e r i m e n t s  per formed d u r i n g  t h i s  r e p o r t  e r i o d ,  T h i s  
t y p e  c e l l ,  d e s c r i b e d  i n  a p r e v i o u s  S t a t u s  R e p o r t , P  i s  wel l  
s u i t e d  t o  t h e  e x p e r i m e n t s  u s i n g  o r g a n i c  s o l v e n t s  f o r  t h e  c a t h o -  
l y t e s ,  a n o n - r i g i d  c a t i o n  exchange membrane, and an aqueous  
1 0 %  s u l f u r i c  a c i d  a n o l y t e ,  When a p o r o u s  alundum cup  was u s e d  
as t h e  d iaphragm,  t h e  c e l l s  were o p e r a t e d  w i t h  oxygen p r e s s u r e  
a t  t h e  anode ,  and  c a r b o n  d i o x i d e  a t  t h e  c a t h o d e ;  b u t  w i t h  t h e  
u s e  o f  a n o n - r i g i d  membrane it was n e c e s s a r y  t o  m a i n t a i n  e q u a l  
p r e s s u r e  on b o t h  s i d e s  o f  t h e  c e l l s  a t  a l l  t imes.  To a v o i d  
membrane r u p t u r e  c a u s e d  by p r e s s u r e  f l u c t u a t i o n s  b o t h  s i d e s  of 
t h e  c e l l  were p r e s s u r i z e d  w i t h  C 0 2  and c o n n e c t e d  w i t h  an  equa-  
l i z e r  l i n e .  T h i s  r e s u l t e d  i n  some mix ing  o f  t h e  g a s  p h a s e  
p r o d u c t s  o f  t h e  e l e c t r o l y s i s ,  Blank c e l l s  were r u n  when t h e r e  
was d o u b t  as t o  t h e  o r i g i n  of e l e c t r o l y s i s  p r o d u c t s ,  The b l a n k  
c e l l s  were r u n  a t  t h e  same c o n d i t i o n s  as t h e  o r i g i n a l  c e l l s  b u t  
were p r e s s u r i z e d  w i t h  he l ium i n s t e a d  o f  c a r b o n  d i o x i d e ,  

Except  f o r  a s e r i e s  o f  c o n d u c t i v i t y  t e s t s  i n  a b e a k e r  
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At tempts  were made t o  s e t  u p  an  a u t o m a t i c  g a s  p r e s s u r e  
c o n t r o l  sys t em u s i n g  d i f f e r e n t i a l  p r e s s u r e  s w i t c h e s  and s o l e n o i d  
v a l v e s .  T h i s  would a l l o w  u n a t t e n d e d  o p e r a t i o n  o f  t h e  c e l l s  and 
s e p a r a t i o n  of t h e  anode  and c a t h o d e  g a s  e l e c t r o l y s i s  p r o d u c t s ,  
The i n i t i a l  s e t - u p  r e s u l t e d  i n  a r u p t u r e d  c a t i o n  exchange  membrane 
b e c a u s e  o f  a l e a k  i n  a check  v a l v e ,  
w i t h  a d i f f e r e n t  t y p e  check  v a l v e ,  

T h i s  w i l l  b e  t r i e d  a g a i n  

Ca thode  Material 

The c a t h o d e s  u s e d  f o r  t h e  o r g a n i c  s o l v e n t  s y s t e m s ,  
e x c e p t  f o r  two r u n s s  were  o x i d i z e d  l e a d  r o d s .  
p r e p a r e d  by a m o d i f i c a t i o n  of t h e  Tafe l  method,  The l e a d  r o d  
was p l a c e d  i n  a 20% s o l u t i o n  o f  H2SO4 and s u r r o u n d e d  by a l e a d  
s h e e t ,  The l e a d  r d was used  as t h e  anode  a t  a c u r r e n t  d e n s i t y  

v e r s e d  and t h e  l e a d  r o d  was reduced  f o r  f i v e  m i n u t e s ,  
was r e p e a t e d  a second  time, The l e a d  r o d  was l e f t  i n  t h e  o x i d i z e d  
c o n d i t i o n  by a n  a d d i t i o n a l  f i v e  m i n u t e  e l e c t r o l y s i s  as t h e  anode ,  

O r g a n i c  C a t h o l y t e  S o l v e n t s  

p r e v i o u s  pe r fo rmance  i n  t h e  l i t e r a t u r e  as b e i n g  s o l v e n t s  f o r  t h e  
e l e c t r o d e p o s i t i o n  of  b e r y l l i u m  and  l i t h i u m ,  S e v e r  1 w o r k e r s  
e l e c t r o p l a t e d  Be from e t h e r  a 1  s o l u t i o n s  of B e C l Z a 3  L i th ium h a s  
been  d e p o s i t e d  from a c e t o n e Z o 5  and  p y r i d i n e ,  6 

The l e a d  r o d s  were 

of Oo02 amp p e r  cm s ., After  f i v e  m i n u t e s  t h e  p o l a r i t y  was re-  
The c y c l e  

The o r g a n i c  c a t h o l y t e  s o l v e n t s  were chosen  b e c a u s e  of 

The c a t h o l y t e s  were p r e p a r e d  by p l a c i n g  t h e  c a t h o l y t e  
s a l t  t o  be  u s e d  i n  a 500 m l  f l a s k  and a d d i n g  t h e  o r g a n i c ,  The 
m i x t u r e  was s t i r r e d  o v e r n i g h t  i n  o r d e r  t o  i n s u r e  s a t u r a t i o n ,  The 
c a t h o l y t e  was t h e n  t r a n s f e r r e d  t o  t h e  c a t h o d e  compartment  of a 
g l a s s  p r e s s u r e  c e l l  a l o n g  w i t h  some s o l i d  e l e c t r o l y t e  t o  i n s u r e  
maximum s a t u r a t i o n ,  

E l e c t r o l y t i c  Reduc t ion  Exper imen t s  

T a b l e  1 i s  a summary o f  t h e  c o n d i t i o n s  and r e s u l t s  of 
t h e  e x p e r i m e n t s  c o n d u c t e d  d u r i n g  t h i s  r e p o r t  p e r i o d ,  Excep t  as 
n o t e d  i n  t h e  t a b l e ,  a l l  d a t a  u n d e r  t h e  column head  "tests" r e fe r  
t o  t h e  c a t h o d e  g a s  o r  c a t h o l y t e ,  

A ser ies  o f  t e s t s  u s i n g  b i s - 2 - d i m e t h y o x y e t h y l  e t h e r  w i t h  
Li2SO4, L i C 1 ,  NaN03, BeC12 and K2COj(Runs 159a-159k)  showed no 
c o n d u c t a n c e  w i t h  o r  w i t h o u t  CO2 p a s s i n g  t h r o u g h  t h e  s o l u t i o n ,  

I 



TABLE 1 - SUMMARY OF R E D U C T I O N  RUNS 

c 



Time 

0 

- - Run Type of Cell Dimensions Anode 

159 (a) Beaker 2 1/2" D i m .  Pt. disc 

- - - Diaphragm Cathode 

Pt disc 

Cat ho 1 yt e 

(organic) 
his-2-dimeth- 
oxyethyl ether 
+ Lis04 

+ cn2 

+ co2 

+ C02 

+ co2 

+ LiCl 

+ NaN03 

+ Na2C03 

+ ReC12 

+ CDZ 

+ K2C03 

ReC12-ether 
+ cn2 

Anolyte 

(organic) None 
his-2-dimeth- 
oxyethyl ether 
+ I.iS04 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 2  hrs. 

+ LiC1 

+ NaN03 

+ Na2C03 

+ BeCl 

+ K2C03 

1 0 %  ii2sn4 2 cation ex- 
change mem- 
branes (N) 

" (N) 161 

162  Pt sheet 

ReClZ-ether 
1120 + c02 

7 hrs. 

17 hrs. 10% H SO cation ex- 
40 psIg to2 change mem- 

brane (N) 

" (N) 

Oxidized 
lead rod 

LiC1-acetone 
40 psig CO2 

163 LiC1-acetone 
40 psig C02 
ooc 

8 hrs. 
2 hrs. 
3 hrs. 

6 hrs. 164 10% II SO " (N) 
20 psIg eo, 

LiC1-acetone 
20 psig C02 
7S0C 

165 2" Class Pipe 8" center Pt sheet Ox id i zed 
lead rod 

10% HzSO4 cation ex- 
40 psig Ile change mem- 

brane (N) 

10% H SO cation e x -  
30 pstg 60, change mem- 

brane (N) 

tiC1-acetone 
40 psig He 

9 hrs. 

166 (a) 2 "  Glass Pipe 8" center Pt sheet Ox id i zed 
lead rod 

LiC1-anisole 
30 psig C02 

0 

(b) " 

(c) " 

(d) I' 

(e) " 

167 2" Glass Pipe 8" center Pt sheet 

0 

NaC1-anisole 
30 psig COz 

Na2SOq-anisole 
30 PSlg co2 

0 

0 

b l  SO -anisole 
38 ptig C O ~  

0 

10% HzSO cation ex- 
40 pslg $0, change mem- 

brane (N) 

Oxidized 
lead rod 

LiCl Pentanone 
40 psig C02 

4 6  hrs. 

168  2" Class Pipe 8" center Pt sheet 108 H2SO cation ex- 
4 0  psig eo, change mem- 

10% H SO cation ex- 
4 0  psIg en, change mem- 

10% H SO 
4 0  pstg Ae 

hrane ( I )  

hrane ( I )  

Oxidized 
lead rod 

LiC1-Pyridine 
40 psig C02 

2 7  hrs. 

169 (a) 2" Class Pipe 8" center Pt sheet Oxidized 
lead rod 

LiC1-Aceto- 
Nitrile 
40 psig C02 

LiC1-Aceto- 
Nitrile 
40 psig tie 

LiC1-Propylene 
carbonate 

18 hrs. 

19 hrs. 

170 2" Class Pipe 8" center Pt sheet 10% H SO cation er- 
40 pstg t o 2  change mem- 

tlgS04-ether None 

brane ( I )  

Oxidized 
lead rod 

5 2  hrs. 

171 U-tube 2 1/2" center Pt sheet Pt sheet blgSCd - ether 0 

N - Cation exchange Nepton CR-61 
I - Cation exchange IONAC FIC 3142 
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n 

A m p . =  - - 
0 48 

0. 48 

0.0003 48 

0.0003 48  

0.0003 48  

0.0003 48 

0 48 

0 48 

0.0005 48  

0 .0005 48  

0 48 

0 .002  47 

0 .1  47 

0.5 48 

0.15 24 
0.5 4 2  
1.0 4 2  

0.5 17  

0.5 48 

0 48 

0 48 

0 48 

0 48 

0 48 

0.003 48 

0.1 48 

0.05 48 

0.13 48 

0 .02  48 

0 48 . 

Tests - - Remarks 

C e l l  would n o t  conduc t  

C e l l  would n o t  conduc t  

8 ,  I t  

Ccl l  would n o t  conduc t  

IICHO,HCOOH,CtI~OH~ Neg. 

HC110,11COON,CH30H, Neg. 

HCHO Neg., 400 ppm CH4 
0 .7% CO 

CH Neg. CO t r a c e  
ctl: 75 ppm, co 0 . 2 8 1  
CH4 150  ppm, CO 0.35% 

CH4 150 ppm, CO 150  ppm 

CH4 150  ppm, CO 440 ppm 

HCHO,HCOOH,CH3OH and CH4 neg .  

C e l l  a t  75'C Membrane r u p t u r e d  

Blank run 

C e l l  would n o t  conduc t  

Ca thode  gas - 0.09% CO 
Anode g a s  - 0.5% CO 
CH4,  CH3011, IlCHO neg. 

Ca thode  g a s  - 0.05% CH4, 0.23% CO 
Anode g a s  - 0.02% CH4, 0.15% CO 
CtI3OH, HCHO, €IC0011 neg .  

Ca thode  g a s  - 0.007% CH 0.22% CO Blank  run 
Anode g a s  - CH4 neg . ,  0440% CO 

Ca thode  g a s  - 0.075-0.12% CO 
Anode g a s  - 0.08% CO 
C1I30H, HCIIO, HCOOH Neg. 

C e l l  would n o t  conduc t  
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Tests  w i t h  a n i s o l e  as  a s o l v e n t  a l s o  showed i n s u f f i c i e n t  
c o n d u c t i v i t y  f o r  e l e c t r o l y s i s ,  The s a l t s  t r i e d  i n  Runs 166a-166e 
were L i C 1 ,  L i2S04,  N a C 1 ,  Na2S04 ahd MgSO4, 
u n d e r  CO2 p r e s s u r e  i n  t h e  p r e s s u r e  c e l l s ,  

The t e s t s  were made 

An ace tone -L iC1  c a t h o l y t e  was t e s t e d  i n  Runs 162-165 
a t  O°C,  3 O o C  and 7S0C0 
a l l  t h r e e  t e m p e r a t u r e s ,  A b lank  c e l l ,  u s i n g  he l ium as t h e  
p r e s s u r i z i n g  g a s ,  y i e l d e d  1 5 0  ppm CH4 and 440 ppm CO a f t e r  9 
h o u r s  e l e c t r o l y s i s  a t  0,s amp, These  r e s u l t s  i n d i c a t e  CO and 
CH4 were p roduced  by  r e a c t i o n  o f  t h e  c a t h o l y t e  s o l v e n t ,  

A B e C l  - e t h e r  c a t h o l y t e  a t  a mercu ry  c a t h o d e  was t r i e d  
i n  Run 160 and lgl, 
s i d e r a b l e  water pe rmea ted  t h e  membrane from t h e  ano  3 e d u r i n g  Run 
160 ,  b u t  t h e  e l e c t r o l y s i s  was c o n t i n u e d  as  Run 161 w i t h  more water 
added t o  t h e  c a t h o l y t e ,  No r e d u c t i o n  p r o d u c t s  were found  a t  t h e  
e n d  o f  t h e  e l e c t r o l y s i s .  

CO and CH4 were f-ound i n  t h e  g a s  p h a s e  a t  

The r u n s  were made a t  1 atm CO Con- 

A LiC1-pentanone  c a t h o l y t e  sys t em was u s e d  f o r  Run 167,  
T h i s  c e l l  e x h i b i t e d  p o o r  c o n d u c t a n c e  c h a r a c t e r i s t i c s  and r e s u l t s  
were n e g a t i v e  a f t e r  46 h o u r s  e l e c t r o l y s i s  a t  0,003 amp, 

Carbon monoxide was found i n  t h e  g a s  p h a s e  of t h e  
p y r i d i n e - L i C 1  c e l l  (Run l 6 8 ) ,  Samples  t a k e n  from t h e  anode  showed 
0,5% CO i n  c o n t r a s t  t o  0 , 0 9 %  CO found  a t  t h e  c a t h o d e ,  The 5 l/2 
f a c t o r  of CO a t  t h e  anode t o  t h e  amount a t  t h e  c a t h o d e  i n d i c a t e s  
CO was n o t  formed by  CO2 r e d u c t i o n ,  A d e p o s i t  on t h e  l e a d  c a t h o d e  
r e s u l t e d  i n  g a s  e v o l u t i o n  w i t h  water, showing l i t h i u m  p r o b a b l y  
was d e p o s i t e d  on t h e  e l e c t r o d e  d u r i n g  e l e c t r o l y s i s  w i t h o u t  t h e  
d e s i r e d  r e d u c i n g  e f f e c t  on t h e  C O 2  i n  s o l u t i o n ,  

P r o p y l e n e  c a r b o n a t e  was u s e d  as t h e  s o l v e n t  f o r  E i C 1  
i n  Run 1 7 0 ,  T h i s  c e l l  produced  a c a t h o d e  and anode  g a s  con-  
c e n t r a t i o n  o f  0 ,08% C O O  No methane was formed and t h e  e q u a l  amount 
o f  CO a t  t h e  anode  i n d i c a t e s  CO i s  n o t  t h e  p r o d u c t  of CO2 r e -  
d u c t i o n ,  

A c e l l  u s i n g  a c e t o n i t r i l e  as t h e  c a t h o l y t e  s o l v e n t  
showed some p romise  when t h e  c a t h o d e  g a s  p h a s e  o f  Run 169a  con-  
t a i n e d  more CO and CH t h a n  was found a t  t h e  anode ,  A b l a n k  r u n  
r e s u l t e d  i n  a t race  04 CH 
as much CO a t  t h e  anode  ( 8 . 4 0 % )  t h a n  a t  t h e  c a t h o d e  ( O o 2 2 % ) o  

(-70 ppm) a t  t h e  c a t h o d e  a n d  twice 
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DISCUSSION,OF RESULTS AND FUTURE WORK 

The u s e  o f  o r g a n i c  s o l v e n t s  and c a t i o n  exchange  m e m -  
b r a n e s  was s u g g e s t e d  by two p o s s i b l e  r e d u c t i o n  mechanisms: an  
i n c r e a s e  i n  t h e  hydrogen  d i s c h a r g e  p o t e n t i a l  a t  t h e  c a t h o d e ;  and  
t h e  p o s s i b l e  r e d u c i n g  a c t i o n  on CO2 by  an  a c t i v e  metal s u c h  as 
l i t h i u m  o r  b e r y l l i u m  e l e c t r o d e p o s i t e d  on a c a t h o d e  s u r f a c e ,  

I n  t h e  o r g a n i c  s o l v e n t - c a t i o n  exchange  membrane s y s t e m s  
t h e  c u r r e n t  i s  t r a n s p o r t e d  from t h e  aqueous  a n o l y t e  by  t h e  p o s i -  
t i v e  hydrogen  i o n  by t ransfer  a c r o s s  t h e  c a t i o n  exchange  membrane, 
Hydrogen i o n  c o n c e n t r a t i o n  i n  t h e  o r g a n i c  c a t h o l y t e  i s  t h e o r e t i -  
c a l l y  m a i n t a i n e d  a t  a low leve l  and t h e  hydrogen  d i s c h a r g e  po-  
t e n t i a l  i s  i n c r e a s e d  c o n s i d e r a b l y  by t h e  a b s e n c e  of e x c e s s  hydrogen  
i o n s ,  However, u p  t o  7 %  w a t e r  was found i n  t h e  o r g a n i c  c a t h o l y t e s  
a t  t h e  c o n c l u s i o n  o f  t h e  r u n s ,  i n d i c a t i n g  water i s  pe rmeab le  t o  
t h e  membranes t o  a c o n s i d e r a b l e  e x t e n t ,  and t h e  anhydrous  con-  
d i t i o n  n e c e s s a r y  t o  m a i n t a i n  t h e  h i g h  d i s c h a r g e  p o t e n t i a l  was n o t  
o b t a i n e d  d u r i n g  t h e  c o u r s e  of t h e  e x p e r i m e n t a l  r u n s ,  

The r e d u c i n g  a c t i o n  of a n  a c t i v e  metal d e p o s i t e d  a t  a 
c a t h o d e  was d e m o n s t r a t e d  b y  t h e  r e d u c t i o n  o f  f o r m i c  a c i d  by 
b e r y l l i u m  a t  a mercury  c a t h o d e , 7  I n  a n o t h e r  example of t h i s  re-  
d u c i n g  a c t i o n ,  l i t h i u m  m e t a l  d e p o s i t e d  a t  t h e  c a t h o d e  d u r i n g  t h e  
e l e c t r o l y s i s  o f  mo l t en  l i t h i u m  c a r b o n a t e  i s  t h e  b a s i s  f o r  a 
e l e c t r o l y t i c  method of c o n v e r t i n g  c a r b o n  d i o x i d e  t o  oxygen,  
T h i s  s y s t e m  i s  anhydrous  and  t h e  e l e c t r o l y s i s  i s  c a r r i e d  o u t  a t  
5 5 0 ° c o  
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The l i t h i u m  c h l o r i d e - p y r i d i n e  s y s t e m  u s e d  i n  Run 168 
r e s u l t e d  i n  an  a c t i v e  d e p o s i t  a t  t h e  c a t h o d e  b e l i e v e d  t o  be  
l i t h i u m ;  however ,  w a t e r  was a l s o  p r e s e n t  i n  t h e  c a t h o l y t e ,  I t  
i s  p o s s i b l e  t h a t  t h e  l i t h i u m  a t  t h e  c a t h o d e  i s  n o t  r e a c t i v e ,  e v e n  
t o  t h e  water i n  t h e  c a t h o l y t e ,  b e c a u s e  o f  c a t h o d i c  p r o t e c t i o n ,  

Work w i l l  c o n t i n u e  on  t h e  o r g a n i c  s o l v e n t  s y s t e m s ,  The 
l i t h i u m  c h l o r i d e - p y r i d i n e  sys t em w i l l  b e  t r i e d  u s i n g  a p u l s a t i n g  
c u r r e n t  i n  o r d e r  t o  e l i m i n a t e  c a t h o d i c  p r o t e c t i o n  p e r i o d i c a l l y ,  
T h i s  c e l l  w i l l  a l s o  be t r i e d  a t  a h i g h e r  t e m p e r a t u r e ,  and a t t e m p t s  
w i l l  b e  made tn m a i n t a i n  t h e  c a t h o l y t e s  a t  anhydrous  c o n d i t i o n s ,  

A method for m a i n t a i n i n g  s e p a r a t i o n  o f  t h e  g a s  p r o d u c t s  
u s i n g  d i f f e r e n t i a l  p r e s s u r e  s w i t c h e s  w i l l  be  t r i e d ,  C a t a l y t i c  
a c t i v i t y  w i l l  be  i n v e s t i g a t e d  by a d d i n g  Raney n i c k e l  t o  t h e  c a t h o -  
l y t e s  of  o p e r a t i n g  c e l l s o  
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